INTRODUCTION
============

Prenatal administration of synthetic corticosteroids has been the standard procedure in cases of preterm delivery since 1972, when Liggins and Howie [@R1] demonstrated that steroid treatment has beneficial effects on the incidence of respiratory distress syndrome (RDS) and neonatal mortality associated with premature birth before 34 weeks' gestation. A Cochrane Database review published in 2006 summarized 21 studies including 3885 mothers and 4269 infants and confirmed significant reductions in the risks of mortality, RDS and intraventricular haemorrhage (IVH) in preterm infants of 31, 44 and 46%, respectively, after a single course of steroids [@R2]. Steroids given prenatally also likely decrease the risks of necrotizing enterocolitis (NEC), neonatal ICU (NICU) admission and infection in newborns during the first 48 h of life, as well as the need for respiratory support. Antenatal steroids have not been reported to affect birth weight, delay foetal central nervous system development or increase the risk of maternal death, intra-amniotic infection or puerperal sepsis [@R2].

Neonatal respiratory outcomes differ among ethnic groups independent of birth weight and gestational age [@R3]. Haas *et al.* [@R4] showed that genetic polymorphisms in maternal and foetal genotypes for drug-metabolizing enzymes and steroid pathway genes were independently associated with neonatal RDS after treatment with betamethasone for preterm labour. The respiratory outcome severity, including bronchopulmonary dysplasia (BPD) and the need for respiratory support or surfactant use, may be associated with single maternal and foetal nucleotide polymorphisms in key betamethasone pathways [@R5].
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The mechanism of steroid action is complex and affects not only foetal lung maturation [@R6] but also regulation of foetal growth, organ system maturation and the functions of the immune system and sympathetic nervous system [@R8]. Alteration of the hypothalamic-pituitary-adrenocortical (HPA) axis is a primary consequence observed in the offspring [@R9]. Steroids play important roles in foetal brain development, altering neuronal migration, synaptic plasticity and neurotransmitter activity [@R10]. Synthetic corticosteroids given prenatally are not readily metabolized by placental 11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2) and cross the placenta more easily; their influence on the foetal brain may be more pronounced than natural glucocorticoids [@R11]. Ma *et al.*[@R12] showed increased expression of 11β-HSD2 in pregnant women with diet-treated GDM, which may limit excessive exposure of the foetus to glucocorticoids.

In 68% of cases, steroid administration transiently decreases vascular resistance in the placental vessels, and the effects last up to 3 days [@R13]. Clinically, a transient reduction in foetal movements is observed [@R14]. Foetal exposure to betamethasone also reduces foetal heart rate variability and breathing activity and increases foetal quiescence [@R15].

Although the effects of antenatal corticosteroids on lung maturation appear to be dose dependent, the biological effects and optimal dosage regimen of antenatal glucocorticoids remain under investigation. The short-term and long-term effects on other systems, particularly the central nervous system, and neurodevelopmental outcomes after different doses and repeat courses require further research. The type of steroid, the dosage and the timing of exposure determine the magnitude of the effects of antenatal steroid treatment on the foetus and mother.

STEROID TYPES
=============

According to the current standard of practice, women at risk of preterm delivery at 24--34 weeks' gestation receive either a single course of betamethasone intramuscularly in two 12-mg doses at a 24-h interval or dexamethasone in four 6-mg doses at 12-h intervals [@R16]. Although dexamethasone is characterized by a greater affinity for glucocorticoid receptors, betamethasone has a longer half-life [@R18]. Dexamethasone and betamethasone similarly reduce the risk of perinatal death and alter biophysical activity, although dexamethasone more effectively decreases the incidence of IVH [@R18]. However, betamethasone is less frequently associated with adverse neurological outcomes [@R19]. Unlike betamethasone acetate, Jobe *et al.*[@R20] showed that a single dose of betamethasone phosphate did not induce foetal lung maturation in sheep. To maintain maximal occupancy of glucocorticoid receptors in tissues, a 1 : 1 mixture of betamethasone phosphate and betamethasone acetate is optimal. The current data are insufficient to recommend one steroid over the other, although a recent study by Remesal *et al.*[@R21] suggests that betamethasone might be a better choice than dexamethasone due to stronger inhibition of the expression of phospholipase A2 through the reduction of tumour necrosis factor α in the lungs of newborn rats.

DOSAGE REGIMEN
==============

The guideline-recommended regimen (two 12-mg doses separated by 24 h) was developed to mimic the natural secretion of steroid hormones in preterm infants, which allows for 75% saturation of steroid receptors in foetal tissues [@R22]. The 24-h dosage interval was selected arbitrarily [@R18]. Prior to the second dose, the cord blood levels of betamethasone decrease to those observed in untreated children [@R23]. The more frequent administration of 12 mg or lower doses may allow the steroids to reach the foetus in a nearly constant and even manner [@R24]. The total dose of 24 mg was based on animal studies and is sufficient to achieve the steroid concentrations observed in infants after birth during normal physiological stress [@R25]. Giamfi *et al.*[@R26] showed that maternal serum and cord blood betamethasone concentrations did not differ between twin and singleton pregnancies.

The superiority of the generally established regimen over the alternatives has not been demonstrated. Pharmacokinetic data show that betamethasone levels in maternal blood reach the lowest level by 12 h postadministration [@R23]. Khandelwal *et al.*[@R24] conducted a randomized, noninferiority open trial comparing the effects of two betamethasone regimens: 12 mg over 12-h versus 24-h dosing intervals at 23--34 weeks' gestation. There were no differences in the RDS incidence, although an increased NEC incidence was observed with 12-h dosing (*P* = 0.03). If all the women had received the 24-h dosing schedule, approximately 12% of the neonates would not have received the complete course before delivery. In maternal serum, betamethasone levels decreased by more than 50% within 6 h after administration [@R23]. Our study compared the effects of two betamethasone dosage regimens: six 4-mg doses at 8-h intervals versus two 12-mg doses at a 24-h interval [@R27]. The incidences of moderate or severe RDS, IVH and NEC, neonatal infection and anaemia did not differ between groups. Only mild RDS occurred more often in the 4-mg dose group (17.8 versus 15.3%; *P* = 0.055). The higher single steroid dose most commonly caused maternal anaemia and a significant increase in leukocytosis. The administration of a total dose of 24 mg is most likely the most important for maximal neonatal benefits, but a lower single steroid dose may be useful to reduce maternal side effects, including those in patients with prepregnancy diabetes [@R28].

DURATION OF STEROID ACTION
==========================

There are two important aspects concerning the duration of steroid action: the interval between the administration and the start of protection from neonatal complications and the duration of the positive effect. Throughout treatment, foetal serum betamethasone levels are approximately one-third of maternal levels [@R23]. Hormones are eliminated from the maternal and foetal circulation after 48 h, and the clinical benefit of these compounds is greatly reduced after 7 days [@R30]. The optimum benefits of glucocorticoid use are achieved 24 h after treatment initiation [@R16]. Antenatal steroids are most effective when the delivery occurs within 7 days after dose completion, when the reduction in the RDS risk is nearly 50% [@R2]. Antenatal steroids can prevent RDS for up to 14 days, and there is no linear association between the treatment-to-delivery interval and RDS occurrence [@R30].

EXPOSURE TIME
=============

The efficacy of antenatal steroid treatment depends on gestational age. Mori *et al.*[@R32] estimated the effects of steroids in 11 067 children born at 22--33 weeks' gestation. Antenatal steroids reduced the RDS risk by 9% in the entire cohort, but the effect was significant in infants born at 24--29 weeks' gestation, reducing the RDS incidence by nearly 20%. Similarly, steroid treatment significantly reduced the risk of IVH in neonates born at 24--29 weeks' gestation. In a randomized study of 320 patients, Porto *et al.*[@R33] demonstrated that steroid administration at gestational weeks 34--36 did not reduce the RDS incidence in newborn infants. Recently, in neonates born at gestational ages of 34 weeks or later, Kamath-Rayne *et al.*[@R34] confirmed that antenatal corticosteroid treatment following the determination of foetal lung immaturity did not reduce respiratory morbidity. Similar results were shown by Yinon *et al.*[@R35], who found no differences in RDS incidence between late premature infants treated with steroids and untreated infants, although the neonates given steroids prenatally less frequently presented composite respiratory morbidity (8.4 versus 21%; *P* = 0.02) or required ventilator support (8.4 versus 20%; *P* = 0.03). The Royal College of Obstetricians and Gynaecologists recommends a single course of steroids in cases of elective caesarean section prior to 39 weeks' gestation [@R16]. Stutchfield *et al.*[@R36] analysed the course of the neonatal period for 998 infants delivered by caesarean after 37 weeks' gestation; steroids were given to 503 women prior to caesarean delivery. NICU admission due to respiratory distress was necessary in 35 children (0.051% with steroids versus 0.024% untreated). To prevent the admission of one neonate to a special care unit, more than 400 children were required to receive unnecessary steroids.

PARTIAL COURSE OF STEROIDS
==========================

There is evidence that incomplete treatment with betamethasone or dexamethasone provides some benefits in terms of decreasing morbidity [@R25]. The smaller benefits attributed to incomplete steroid courses could be due to inadequate doses and shorter durations of foetal exposure. Chien *et al.*[@R37] presented data concerning antenatal steroid administration to 11 440 infants in Canada. Only 30% of children completed the antenatal steroid course. Infants who received a complete steroid course exhibited a significant reduction in RDS risk when born before 24 weeks' or at 24--34 weeks' gestation. A partial steroid treatment course reduced the incidence of IVH (grades III and IV) and mortality among infants born at 24--35 weeks' gestation but had no significant effect on RDS. The incidence of NEC was similar in infants receiving a partial or complete course of steroids. Similarly, an analysis by Wong *et al.*[@R38] confirmed that hospital mortality was significantly worse without steroids (30 versus 20%; *P* \< 0.001) in extremely premature neonates. Those with no steroid coverage were more likely to have NEC and Grade 3 or 4 IVH.

MULTIPLE STEROID DOSES
======================

According to the American College of Obstetricians and Gynecologists (ACOG), a repeated course of steroids is acceptable if previous treatment was completed over 14 days prior, but only before 34 weeks' gestation [@R17]. According to British recommendations, antenatal steroid treatment may be repeated before 34 weeks' gestation if the first dose was completed 7 days prior and before 26 weeks' gestation [@R16]. Crowther *et al.*[@R39] summarized the results of eight studies and 3206 children concerning repeat steroid treatment after a 7-day interval. RDS was observed slightly more rarely \[relative risk 0.83; 95% confidence interval (CI) 0.75--0.91\]. Garite *et al.*[@R40] reported a significantly lower risk of neonatal composite morbidity only in infants born 2--7 days after a repeated standard course of betamethasone for deliveries prior to 34 weeks' gestation (39.3 versus 69.8%; *P* = 0.035).

Exposure to multiple doses is associated with more profound consequences. Kanagawa *et al.*[@R41] compared the effects of repeated doses of dexamethasone on neurogenesis in neonatal rats and showed significant dose-dependent decreases in the number of bromodeoxyuridine-labelled cells in the cortex and the subgranular and subventricular zones. In humans, French *et al.*[@R42] reported that serial steroid courses between 24 and 33 weeks' gestation decreased birth weight and head circumference by 9 and 4%, respectively. A smaller head at birth might be an effect of decreased neurogenesis. Repeated corticosteroid courses were associated with increased rates of aggressive, destructive, distractible and hyperkinetic behaviour at the ages 3 and 6 years [@R43]. The MACS (Multiple Courses of Antenatal Corticosteroids for Preterm Birth) trial, which included 1858 women at 25--32 weeks' gestation who did not deliver within 14--21 days after an initial course, showed that multiple antenatal corticosteroid courses (every 14 days) did not improve neonatal outcomes, RDS, BPD, IVH (grades III and IV), cystic periventricular leukomalacia (PVL) or NEC [@R44]. According to the secondary analysis of the MACS trial, repeated corticosteroid courses were associated with decreased neonatal birth weight (--33.50 g; *P* = 0.045), length (--0.339 cm, *P* = 0.019) and head circumference (--0.296 cm, *P* \< 0.001) [@R45]. There was a trend towards an incremental decrease in birth weight, length and head circumference for each additional course of antenatal corticosteroids. According to the results of the ACTORDS (Antenatal Collaborative Trial of Repeat Doses of Prenatal Steroids) trial, infants exposed to weekly doses of repeat antenatal corticosteroids presented postnatal growth acceleration 3--5 weeks after birth, which is similar to the catch-up growth observed in intrauterine growth restricted infants [@R46]. Compared with a single course of antenatal glucocorticoids, exposure to repeated doses of antenatal betamethasone was not associated with adverse effects on lung function or altered bone mass in early school-age children [@R47]. However, multiple steroid cycles may cause adrenal insufficiency or osteoporosis in mothers [@R49].

LONG-TERM EFFECTS OF ANTENATAL STEROIDS
=======================================

Animal and human data strongly suggest that steroids given prenatally influence and programme the HPA axis, with consequences in the postnatal period [@R50]. Acute suppression of foetal cortisol synthesis and an increase in cortisol bioactivity occur in response to synthetic steroids given prenatally [@R52]. The suppression of endogenous cortisol production persists in preterm infants and returns to normal after the first week of life [@R52]. Although baseline levels of cortisol normalize, suppression of the cortisol response to painful stimuli persists even at 4--6 weeks postbirth in premature infants [@R53]. Among healthy full-term infants given steroids prenatally, a pronounced cortisol response to painful stimuli is observed despite normal baseline levels [@R55]. In a cross-sectional study, Alexander *et al.*[@R56] assessed cortisol secretion patterns in response to a standardized laboratory stressor in 209 6 to 11-year-old children born at term and exposed to antenatal steroids, and they demonstrated significantly increased cortisol reactivity compared with controls (*P* \< 0.001). This finding was independent of the specific synthetic glucocorticoid used and was more pronounced in girls. Erni *et al.*[@R57] examined psychobiological stress reactivity to a standardized psychosocial stress test in 115 healthy children at 10 years of age and found that it differed in those exposed to prenatal steroids. Animal studies have shown that exposure to elevated glucocorticoid levels during pregnancy is associated with adult-onset diseases, including elevated blood pressure, impaired cardiac and vascular function and altered metabolic function [@R8].

CONCLUSION
==========

A total dose of 24 mg of betamethasone or dexamethasone appears to be sufficient to achieve the steroid concentrations observed in infants after birth during normal physiological stress. A dosage interval of 24 h for betamethasone administration was selected arbitrarily. The administration of 12 mg of betamethasone at shorter intervals may allow more children to be treated with a complete steroid course. A lower single dose of 6 or even 4 mg appears to be equally effective for the foetus as the standard 12-mg dose and is less toxic to the mother; it may therefore be useful for reducing maternal side effects. Multiple pregnancies do not require dose increases over 24 mg due to similar maternal serum and cord blood concentrations of betamethasone in twin and singleton pregnancies. The short-term and long-term effects of the dosage regimen on both the pregnant mother and the foetus require further investigation.
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